A laser-based (2.55 THz) mulitchord polarimeter is now operational on Alcator C-Mod and is used to make measurements of the internal magnetic field structure as well as plasma fluctuations. The polarimeter is designed to measure the Faraday effect for high-field (up to 8.3 T) and high-density (up to 5 × 10 20 m −3 ) ITER relevant plasma conditions. Initial 3 chord tests are consistent with magnetic equilibrium reconstructions and indicate no measurable contamination from the toroidal magnetic field due to the Cotton-Mouton effect or misalignment. Time response of <1 μs enables the measurement of fast equilibrium temporal dynamics as well as high-frequency fluctuations.
I. INTRODUCTION
Nearly all aspects of tokamak physics require a clear diagnosis of the internal magnetic field, current profile, and their temporal evolution. One widely used technique to determine the local magnetic field pitch angle is the motional Stark effect (MSE). In future devices, and in particular ITER, this approach may not be able to make core measurements because of the larger machine size and higher densities. MSE is additionally constrained by reliance on visible wavelengths which are more susceptible to coatings and surface degradation. Measuring the Faraday effect is an appealing candidate for internal magnetic field measurements because no neutral beams are required and it can be performed at high-temporal resolution for tracking fast equilibrium profile dynamics, magnetic fluctuations, and feedback control. In Alcator C-Mod, a polarimeter is now being developed to determine the internal magnetic field structure by measuring the Faraday effect. Polarimetry in C-Mod offers a unique test bed to explore the diagnostic challenges associated with both ITER like plasma conditions (density and magnetic field) and RF (radio frequency) systems that incorporate megawatt power levels of ion cyclotron (heating) and lower hybrid (current drive) waves. The diagnostic geometry (double pass with zero-offset return beam) and wavelength (118 μm) are also the same as proposed for ITER (Ref. 1) . In addition to providing a non-perturbing probe of the core current profile of high-performance plasmas, the Faraday effect measurement can also be exploited to measure density δn e and magnetic field δb fluctuations associated with various MHD instabilities (tearing modes, sawteeth), fast-particle driven modes (TAE, EPM), and broadband turbulence. Exploring the full capabilities this diagnostic tool on C-Mod plasmas will proa) Invited paper, published as part of the Proceedings of the 19th Topical Conference on High-Temperature Plasma Diagnostics, Monterey, California, May 2012. b) Author to whom correspondence should be addressed. Electronic mail:
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vide a unique test bed for optimization of this technique for future burning plasma experiments.
II. MEASUREMENT TECHNIQUE
Faraday rotation results from rotation of polarization of an electromagnetic wave due to magnetic field along the wave propagation direction. In a plasma, this is reflected in the circular birefringence along B where a linearly polarized wave can be divided into two orthogonal components, the lefthanded (L) and right-handed (R) circularly polarized waves, which have different phase velocities. With this in mind, Dodel and Kunz 2 proposed to measure the phase difference between an R-and L-wave in order to determine the Faraday effect as an alternative to measuring the actual rotation of a linearly polarized wave directly. The Dodel and Kunz technique has been used extensively on the Madison symmetric torus for both equilibrium and fluctuation measurements. 3, 4 The Faraday effect is given by the relation
where ψ F is the Faraday effect, n R and n L are the R-and Lwave refractive indices, respectively, B z is the magnetic field component in the z direction, λ (= ω/2π c) is electromagnetic wavelength, n e is the electron density, c f = 2.62 × 10 −13 1/T, and dz is the path length in the plasma. Units are MKS. Note that the measurement is sensitive to the magnetic field component parallel to the electromagnetic wave.
The component of B perpendicular to the electromagnetic wave results in elliptization of a linearly polarized beam as a consequence of plasma linear birefringence and is referred to as the Cotton-Mouton effect. The Cotton-Mouton effect results from the phase difference between O-and Xwaves and can be written as where ψ CM is the Cotton-Mouton effect, n X and n O are the Xand O-wave refractive indices, respectively, B ⊥ is the magnetic field perpendicular to the beam propagation direction, and c cm = 2.5 × 10 −11 1/mT 2 . The Cotton-Mouton effect measurement has been successfully carried out on W7-AS (Ref. 5) and compact helical system. 6 For a tangential view, the measurement yields information about the electron density and toroidal magnetic field.
III. C-MOD POLARIMETER DIAGNOSTIC SYSTEM
The C-Mod polarimeter system is comprised of two FIR lasers at nominal wavelength, 118 μm, that are aligned to be collinear with orthogonal polarizations. The collinear beams can be configured to measure either the Faraday or CottonMouton effect by adjusting the respective polarizations to be circular or linear. The two lasers are frequency offset from one another to yield an interference frequency (IF) ∼ 4 MHz when mixed in the planar diode detectors which are employed in the heterodyne detection scheme. The optical layout for either measurement is a double-pass configuration where the probing beams are reflected off a corner-cube retro-reflector (CCR) mounted within the inside wall of the center column of C-Mod. A portion of the return beam from the plasma is split off for detection. The plasma induced phase change between the probe beams is measured by comparison to a reference signal. The remainder of this section will be subdivided into four parts; including an examination of the optical system (A), the lasers and detectors (B), known sources of noise in the system (C), and calibration (D).
A. Optical system
A schematic of the optical layout for C-Mod is shown in Fig. 1 . The beam polarization at the output from both lasers is horizontal to the plane of the optical table. Before combining the beams with a wire polarizer, the polarization of FIR# 1 is rotated 90
• using a 1/2 waveplate to yield a vertically polarized beam. The beams are then combined to produce collinear, orthogonally-polarized beams. A copper wire mesh is then used as a beam-splitter to reflect a small amount of light to a detector to provide a signal for feedback control of the 4 MHz IF frequency. Feedback control is necessary to minimize IF frequency drift which leads to phase noise discussed further in subsection III C below. Collinear R-and L-polarized waves are obtained by transmitting the linearly polarized orthogonal beams through a 1/4 waveplate. The collinear beams are then directed to the plasma where they reflect from a CCR mounted on the inside wall after a single pass. The reflected outbound beams have zero-offset with respect to the inbound waves and compose the double-pass configuration employed on C-Mod. A 50% wire mesh beam splitter reflects a portion of the return beam that is then sent to the signal mixer. Because both the inbound and outbound beams see this beam splitter, 75% of the probe power is lost with up to 25% being directed back to the laser. This feedback must be considered when evaluating the system phase noise. The feedback loop employed to stabilize the IF functions as follows. The output of the detector is split into two signals with one leg having a delay introduced before the two signals are again mixed together. The delay line is such that the mixed signal is zero when the lasers have the desired IF. If the IF changes, a signal proportional to the deviation from the desired frequency is produced. Integration of this signal provides feedback to a piezoelectric transducer (PZT) that controls the FIR cavity length and IF between the lasers. The final interface to the PZT is obtained using a programmable logic controller.
In 
B. Lasers and detectors
The two FIR lasers are commercially built by Coherent and emit at 117.73 μm with 150 mW/cavity of power. The difluoromethane (CH 2 F 2 ) fill gas is pumped with 50 W of infrared radiation at 9.27 μm [R9(20) line] from a radio frequency driven CO 2 laser. Two-dimensional beam profile measurements made at 0.5 m and 4 m from the laser output reveal a Gaussian profile for each laser. Measurements were made with a commercial two-dimensional imaging pyroelectric camera from Ophir photonics. Water vapor absorbs the FIR beam and requires that both optical tables and the transition between them must be encased in a hermetically sealed environment. Dry air is purged through the entire system to reduce the relative humidity. Initial operations revealed the need to construct magnetic shielding around the lasers. A steel enclosure roughly 1.25 cm thick surrounds both lasers with cutouts to allow for power, control, and cooling interfaces. The enclosure reduces the stray field from magnetic coils from 400 G to 20 G. Residual stray field effects are still observed. Additional details of the phase noise associated with the stray magnetic fields are discussed below in Sec. III C.
Beam splitters reflect half the return beam from the plasma onto off axis parabolic mirrors that in turn focus the signal onto a planar Schottky diode mixer developed by Virginia Diode. The sensitivity of the detectors is estimated to be between 100 and 200 V/W. A wire polarizer is located between the off-axis parabolic mirror and each detector. The polarization of light transmitted to a detector is configured to map to the toroidal direction in C-Mod. The probe and reference signals are digitized at 20 MHz to well resolve the 4 MHz frequency of the IF signal. Phase information is then obtained post-discharge using complex demodulation algorithms in a fully digital process. 
C. Noise effects in phase measurements
Measurement phase noise can be caused by multiple effects, including stray magnetic fields, IF stability, feedback, and vibrations. Each noise component has different temporal characteristics throughout a plasma discharge. For instance, stray magnetic fields that change in time are substantially worse than constant fields. Vibration effects are fairly constant throughout a discharge, but not necessarily the same when examined without the stresses associated with a plasma shot. Efforts to minimize the noise contamination are ongoing.
The effects of both longitudinal and transverse vibrations must be considered when using this technique to measure the Faraday effect. Since we are measuring the phase change of an envelope with a wavelength of 75 m (c/f IF ), a pathlength change (longitudinal vibration) of about 1 cm would be required in a double pass system to result in a 0.1
• change in the phase measurement. Interferometric measurements of the inner wall where the CCRs are mounted indicate longitudinal movement only on the order of 100 μm is to be expected. Longitudinal vibrations are not expected to result in detectable errors in the Faraday effect signals. Transverse vibrations allow the beams to diverge from perfect co-axial alignment and maintaining a phase measurement error below 0.1
• requires that the angular deviation between the beams remain in the nRad range. 8 To minimize phase noise from vibrations, custom optical mounts were designed and built for all non-tunable optics on the upper vertical table. The mounts are constructed from 1/2 in. Aluminum plate and are designed specifically for rigidity by incorporating gussets to keep the plane of the optical component fixed.
The largest contribution to the phase noise is a ∼2
• (peak to peak) 2 Hz change that occurs during the toroidal magnetic field ramp for −1 < t < 0 s (t = 0 corresponds to plasma initiation). Measurements taken with magnetic fields but no plasma, reveal a phase error of ∼0.5
• over 1 Hz during the flattop period, 0.5 < t < 1.5 s. Phase noise at other frequencies does not appear to be related to the stray field effects. The remaining phase error likely results from physical movement or vibrations. Since the laser is presently positioned very close to the tokamak, the environment is noisy and vibrations can couple directly into the lasers or the non-common beam paths prior to making the beams collinear. Both of these effects can contribute greatly to the overall system noise. After the beams are collinear, longitudinal vibrations should largely cancel but transverse effects may still play a role. Planned relocation of the lasers to a remote, temperature-controlled room will improve laser stability, eliminate stray field effects and help to minimize the impact of vibrations on the lasers and their noncommon beam paths.
The stability of the IF frequency is a contributor to the phase noise and its effect can be written as where the IF frequency stability is f, phase error θ IF , and path length difference between the probe and reference beams is L. Using feedback control on the IF, f < 20 kHz (throughout the flattop) and L ∼ 6 m, leading to θ ∼ .1
• . The IF stability throughout the magnetic field ramp prior to t = 0 s is comparable with the flattop; however, deviations up to 40 kHz are common in the plasma current ramp from 0 to 0.4 s but not expected to contribute meaningfully to the phase error. This noise level likely reflects the minimum attainable with the current optical path layout.
Phase noise potentially caused by optical feedback associated with radiation reflected from the CCR and/or mixer can be investigated by monitoring the phase noise between the reference and feedback detectors when the shutter to the CCRs is alternatively opened and closed. No difference is observed in the phase noise between these detectors with the shutter position, indicating the phase noise from double pass optical feedback is below the current system noise level.
Three chords configured for Faraday effect measurements were operational upon startup of the 2012 C-Mod campaign. The RMS phase noise as measured between shot cycles was approximately 0.25
• when down sampled to 500 kHz with a 1 MHz bandpass filter on the signal. The main contribution to the polarimeter phase noise for frequencies 10 < f noise < 1000 Hz is acoustic coupling to the lasers. Installing acoustic dampening material around the lasers and hermetically sealed enclosures significantly reduces the effect.
D. System calibration
Significant development and testing was required to confirm that the laser beams could be subdivided into multiple chords without corrupting the polarization. All beamsplitters are made of self-supporting stretched copper mesh and mounted at 45
• angle of the incidence. It is observed that linearly polarized light after reflection or transmission can be transformed to elliptical polarization. This effect depends on the wire-mesh density (lines per inch: LPI) and grid orientation with respect to the polarization of the incident light. The reflected orthogonal component for linearly-polarized incident light is shown in Fig. 4 , where a 200 LPI mesh was used. The maximum orthogonal component is observed when mesh is rotated at ∼10
• . This information is used when selecting mesh beamplitters and mounting them in the optical path. Mesh orientation is selected so as to maintain linearly polarized light for both the reflected and transmitted beams.
Each polarimeter chord is calibrated to correct for polarization distortion which may occur along the optical path, most likely due to mesh beamsplitters. 9 To calibrate, a 1/2 waveplate, located between the off-axis parabolic focusing mirror and the probe detector, is rotated to produce a calibrated phase shift. The known phase shift versus angle is then compared to that measured by the polarimeter. Any deviations in linearity or magnitude are then recorded and used to calibrate the measurement. Any elliptization of the probe beams due to the wire mesh orientation (or density) leads to a strong nonlinear response, as shown in Fig. 5 . Phase calibration for nonlinear response requires knowing both the calibration curve as well as the system operating point on this curve (dc phase offset). Errors in these measurements or drifts limit the accuracy of the Faraday phase measurement. These issues are not important for the linear calibration curve and motivate optical component selection so as to maintain a linear response. Mesh beamsplitters and their orientation are selected such that the calibration phase response is close to linear thereby minimizing systematic errors.
The high toroidal field of C-Mod carries with it concerns that the desired Faraday effect measurement could be contaminated by misalignment to the toroidal field (i.e., not perpendicular) or the Cotton-Mouton effect occurring concurrently with the Faraday effect. To address both concerns, shots were taken with the same plasma current and density, but the toroidal field was varied from 5.4 to 7.5 T. For these two discharges, the measured Faraday effect was unchanged, within noise limits, indicating the toroidal field is playing no role in the Faraday measurement. Although the R-and L-waves are elliptized by the perpendicular field, the effect is identical for each wave and hence cancels when making a phase measurement. Importantly for C-Mod and future ITER polarimetry work, the R-and L-wave measurement technique is insensitive to Cotton-Mouton effects. 
IV. POLARIMETRY MEASUREMENTS ON C-MOD

A. Equilibrium Faraday effect
The first multichord polarimetry results from C-Mod are shown in Fig. 6 , for a discharge with 1 MA current and density 8 × 10 19 m −3 . Changes in measurement with chord position are related to the path length, density, and poloidal magnetic field. Faraday measurements are compared with results computed from EFIT (magnetic equilibrium reconstruction) for x = 10, 16, and 20 cm. At each chord location, the measurements are consistent with EFIT estimates of the Faraday effect. This agreement further supports the claim that the toroidal magnetic field is having no deleterious effect on the measurements. Noise seen in the phase both before and after the discharge is related to vibrations and stray B effects. The next step is to include the Faraday measurements as a constraint on the magnetic equilibrium reconstruction.
B. Cotton-Mouton effect
By removing the 1/4 waveplate in the optical system, the polarimeter can be reconfigured to measure the CottonMouton effect as the two probe beams are now collinear but have orthogonal linear polarizations. This was done for the chord at x = 10 cm as it was closest to the magnetic axis and is expected to have the largest phase change. The measured Cotton-Mouton phase shift is shown in Fig. 7(a) and can be compared with the Faraday effect measurement at x = 16 cm. In the figure, estimates of both effects from EFIT reconstructions are observed to be consistent with the measured plasma induced Faraday and Cotton-Mouton effects. The Faraday effect is identical for the orthogonal linear probe beams and cancels. Since the toroidal field is known for tokamaks, the Cotton-Mouton effect measurement can be exploited to determine the plasma density. Cotton-Mouton line integral density measurements at this wavelength have the advantage of not experiencing 'fringe skips' as the phase change is always less than 2π and are less sensitive to vibrations than conventional interferometry. 
C. Faraday effect fluctuations
Faraday effect measurements can be used to probe plasma density and magnetic field fluctuations. From Eq. (1), we can write each parameter as the sum of an equilibrium and fluctuating component; ψ = ψ 0 + δψ, n = n 0 + δn, and B = B 0 + δB. The fluctuating Faraday effect signal is comprised of three terms, δψ = δn e B θ dl + n e δBdl + δn e δBdl,
where the first term depends on the fluctuating density, the second the fluctuating magnetic field along the probe beam, and the third is a higher order quantity that can be neglected. Isolating the contributions from density and magnetic fluctuations is nontrivial and is best achieved by simultaneously having a density measurement along the same chord. This can be accomplished by adding a third laser to the optical layout (with slight frequency offset) that provides local oscillator radiation to each mixer. In this configuration, one can independently resolve the phase change associated with either the Ror L-wave thereby providing a line-integrated measurement of the plasma density. In addition, for a chord directed through the magnetic axis, the density fluctuation term is zero as there is no component of the equilibrium field parallel to the probe beams. Fluctuations observed on this chord provide a direct measure of the line-integrated radial magnetic field fluctuations. At present, this chord is not available on C-Mod. Fluctuation measurements require fast time response and low phase noise in order to observe small amplitude perturbations. Figure 8 provides an initial look at the sensitivity of the diagnostic in both aspects. In Fig. 8(a) , the discrete drops in the core temperature result from sawteeth which are also seen in the raw Faraday effect measurement at x = 16 cm, shown in Fig. 8(b) . A one degree jump in the Faraday phase shift occurs at each crash. Higher frequency oscillations seen are noise. Expanding the time trace from chord x = 10 cm and comparing with an external magnetic flux loop show clear tearing mode activity at 8 kHz, as seen in Figs. 8(c) and 8(d) , respectively. Note that they are expanded in time to capture the time period just before a sawtooth crash. The Faraday effect amplitude of the tearing mode oscillation is ∼0.5
• . A spectrogram of Faraday fluctuations for the x = 10 cm chord is shown for a high-performance, ICRH heated, H-mode discharge in Fig. 9 . A distinct quasi-coherent mode is observed in the range from 70-200 kHz that is downshifted in frequency with time. Its amplitude is ∼0.2
• . In addition, a broadband fluctuation feature is observed for the range 200-800 kHz. The amplitude of this mode is smaller, much broader, and upshifted in frequency with time indicating it originates from a different region of the plasma than the quasi-coherent feature. These data clearly demonstrate the Faraday effect polarimeter has the time response and low phase noise required to observe small amplitude perturbations. Along with the two features just described, there is also tearing mode MHD activity visible as the bright regions below 50 kHz.
While these and other fluctuations are routinely observed in the Faraday diagnostic, it is important to stress that at this time the relative contributions of density and magnetic fluctuations are not known. A top priority going forward is to understand the relative magnitude of the δn e and δb terms in the fluctuating Faraday measurement and how that weighting changes with different chords. 
V. SUMMARY
Faraday effect and Cotton-Mouton effect measurements have been are carried out with an absolute error of ∼1
• in C-Mod. Three chord Faraday measurements are consistent with expectations from magnetic equilibrium reconstruction and can be incorporated into equilibrium reconstructions as a constraint. An initial look at Faraday fluctuations has identified numerous phenomena in the plasma, indicting sufficient time and phase response to observe small-amplitude highfrequency perturbations. A number of technical challenges have been identified and mitigated in the C-Mod polarimeter. However, there is remaining noise contamination from stray magnetic fields and vibrations that will be mitigated in the future by relocation of the laser systems to a temperaturecontrolled room external to the tokamak bay. In this configuration, the laser beams will be transmitted to the experimental hall using overmoded waveguides. A third FIR laser is also planned to allow for a combined interferometer -polarimeter diagnostic to make line-integrated density and Faraday effect measurements concurrently along the same chords. This also allows for simultaneous measurement of δn e and δb.
Planning has begun to increase the number of chords (up to 10) and modify their layout in the plasma. Of greater interest though is developing a chord layout that spans the magnetic axis with purely radial views (as opposed to the current fan view) and one chord directly on axis. There are multiple advantages of such a layout. First, the vacuum windows can be etalons to reduce beam power loss. Second, Faraday measurements spanning the magnetic axis offer an experimental measure of the current density in the core. 3 Third, the view through the magnetic axis provides a direct measure of the line-integrated radial magnetic field fluctuations.
